Pure shift NMR  by Zangger, Klaus
Progress in Nuclear Magnetic Resonance Spectroscopy 86-87 (2015) 1–20Contents lists available at ScienceDirect
Progress in Nuclear Magnetic Resonance Spectroscopy
journal homepage: www.elsevier .com/locate /pnmrsPure shift NMRhttp://dx.doi.org/10.1016/j.pnmrs.2015.02.002
0079-6565/ 2015 The Author. Published by Elsevier B.V.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
⇑ Tel.: +43 316 380 8673; fax: +43 316 380 9840.
E-mail address: klaus.zangger@uni-graz.atKlaus Zangger ⇑
Institute of Chemistry/Organic and Bioorganic Chemistry, University of Graz, Heinrichstrasse 28, A-8010 Graz, Austria
Edited by Gareth Morris and David Neuhaus
a r t i c l e i n f oArticle history:
Received 29 November 2014
Accepted 5 February 2015






Structure analysisa b s t r a c t
Although scalar-coupling provides important structural information, the resulting signal splittings sig-
niﬁcantly reduce the resolution of NMR spectra. Limited resolution is a particular problem in proton
NMR experiments, resulting in part from the limited proton chemical shift range (10 ppm) but even
more from the splittings due to scalar coupling to nearby protons. ‘‘Pure shift’’ NMR spectroscopy (also
known as broadband homonuclear decoupling) has been developed for disentangling overlapped proton
NMR spectra. The resulting spectra are considerably simpliﬁed as they consist of single lines, reminiscent
of proton-decoupled C-13 spectra at natural abundance, with no multiplet structure. The different
approaches to obtaining pure shift spectra are reviewed here and several applications presented. Pure
shift spectra are especially useful for highly overlapped proton spectra, as found for example in reaction
mixtures, natural products and biomacromolecules.
 2015 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
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NMR spectroscopy is one of the most frequently used tech-
niques for the structure determination or veriﬁcation of small
and medium-sized organic and biomolecules. The quality of NMR
spectra is mainly determined by two parameters: sensitivity and
resolution. In recent decades several signiﬁcant advances in the
ﬁeld of sensitivity enhancement have been achieved. Through the
use of small volume tubes [1,2], higher magnetic ﬁelds, improved
electronics and especially the introduction of cryogenically cooled
probes [3], sensitivity has been increased by more than an order of
magnitude. In contrast, basic resolution, which can only be
improved by using higher magnetic ﬁelds, has increased by
approximately a factor of 2 when comparing the highest magnetic
ﬁelds available today with those 20 years ago. Therefore, there is
a need for techniques to improve the resolution of NMR spectra,
particularly for 1H NMR.
Proton spectra are characterized by rather poor signal disper-
sion. This results from a combination of limited chemical shift range
(10–15 ppm) and extensive signal splitting due to proton–proton
scalar coupling. While potentially very useful structural informa-
tion can be obtained from the multiplicity and the derived coupling
constants, heavy signal overlap often prevents the extraction of this
information. As a result of scalar coupling, signal overlap is present
in almost all 1H NMR spectra, even of small molecules. In contrast to
proton NMR, 13C NMR spectra at natural isotopic abundance for
example show much better signal separation, since only singlets
are present. Homonuclear 13C–13C couplings are typically hidden
in the noise, because of the low percentage (1.1%) of 13C nuclei,
and scalar coupling to 1H can easily be suppressed by heteronuclear
broadband proton decoupling sequences.
The resolution of 1H NMR spectra could be signiﬁcantly
enhanced if all signals could be converted into singlets. This is
the aim of pure shift NMR, also called ‘‘chemical shift spectra’’ or
‘‘homonuclear broadband decoupling’’. By analogy with 13C NMR
spectra, pure shift 1H spectra are seen for highly deuterated mole-
cules. As an example, a 1H NMR spectrum of 99% deuterated glu-
cose is shown in Fig. 1a. A given residual 1H nucleus is likely to
be surrounded only by deuterium spins, thus removing anyFig. 1. One-dimensional 1H ((a) and (b)) and 13C ((c) and (d)) spectra of regular glucose
glucose in (d). The isotopic enrichment is 99% for either deuterium or 13C. ‘‘Pure shift’’ N
natural abundance glucose. Heteronuclear (proton) broadband decoupling was employe1H–1H coupling. Couplings to deuterium are much smaller and
therefore not visible in this spectrum. Deuteration leads of course
to a signiﬁcant lowering of the signal-to-noise ratio. Variations in
signal intensities are mainly determined by different deuteration
levels at different sites, and chemical shift changes relative to pro-
tonated glucose are caused by the secondary deuterium isotope
effect. Conversely, homonuclear 13C–13C scalar coupling is present
in carbon spectra of 13C-enriched molecules (see Fig. 1d).
Deuteration as a route to pure shift spectra is of course not feasible
in most cases, for economic and/or technical reasons.
The reduction of resolution in conventional proton NMR spectra
because of overlap between scalar-coupled multiplets is more sev-
ere at lower magnetic ﬁelds. The desirability of fully proton-decou-
pled proton spectra was therefore noted even in the early days of
NMR. In 1963 Ernst and Primas wrote, in a paper on NMR experi-
ments with stochastic high-frequency ﬁelds [4]: ‘‘For the practical
spectroscopist it would be ideal if he could remove all spin–spin cou-
plings at the same time.’’ It is of course not possible to use conven-
tional broadband decoupling sequences, as used for broadband
heteronuclear decoupling [5], to remove homonuclear scalar cou-
plings as they would destroy any polarization and not allow the
decoupled nuclei to be observed. It therefore took another 13 years
until the ﬁrst method for indirectly obtaining a fully-decoupled
NMR spectrum was presented, again by Ernst and co-workers [6].
By using special projections of 2D J-resolved spectra, scalar cou-
plings can be made invisible. The broad lines that result, due to
the necessity of using magnitude-mode calculation, could later
be partially compensated for. In the decades that followed a num-
ber of methods were described which offered different strategies
for obtaining fully homonuclear broadband decoupled NMR spec-
tra. However, all these techniques were applicable only to the indi-
rect dimension of two-dimensional NMR spectra and required
complicated data processing, and some of them signiﬁcantly
reduced sensitivity compared to regular spectra. Additionally, the
progress of multidimensional NMR and the ever-increasing mag-
netic ﬁelds available somewhat relieved the pressure to overcome
the limited resolution of proton NMR spectra.
In recent years, a number of innovations in homonuclear broad-
band-decoupledexperiments, driven inpartby theground-breaking((b) and (c)), and of uniformly 2H-labeled glucose in (a) and uniformly 13C-labeled
MR spectra are found for dilute nuclei – for 1H in deuterated glucose and for 13C in
d for the 13C spectra. The proton spectra were obtained without any decoupling.
Fig. 2. Expansion of a regular proton spectrum of a mixture of strychnine and a
degradation product, showing the region around the H-15a hydrogen in red and an
experimental pure shift spectrum of the same mixture in blue. Due to scalar
coupling, two overlapped multiplets with a bandwidth of 23 Hz are found for the
two sites. The two signals are clearly separated in the pure shift spectrum.
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to fully decoupled pure shift experiments which are much easier to
use, generally applicable and with highly increased sensitivity.
These pure shift spectra of the second generation can ﬁnally be used
as routine NMR experiments. An example of the resolution advan-
tage of pure shift spectra can be seen in Fig. 2. In the 1D 1H spectrum
of amixture of strychnine and anunknowndegradation product, the
two H-15a signals of strychnine and its degraded form at 1.36 ppm,
which are separated by only 4 Hz at 500 MHz, both showmultiplets
with a signalwidthof24 Hzdue to scalar coupling. In thepure shift
spectrum the two signals are clearly separated. For a regular (cou-
pled) proton spectrum a sixfold increase in magnetic ﬁeld strength
(up to at least 3 GHz or more) would be necessary to separate these
signals.
Here an overview is given of the various techniques for obtaining
pure shift NMR spectra. Starting with homonuclear selective and
band-selective decoupling, which may be regarded as localized or
partial pure shift experiments, via carbon decoupling in 13C-en-
riched molecules, to pure shift 1H spectra, the basic principles are
described. Applications are presented, ranging from decoupled
one-dimensional 1H spectra to homonuclear- and heteronuclear
correlated experiments in two and three dimensions.2. Selective and band-selective homonuclear decoupling
Soon after the discovery of scalar coupling in NMR [15] the ﬁrst
continuous wave techniques for selectively removing this signal
splitting were presented. In 1955 Bloom and Shoolery [16]
described the effect of a second perturbing radiofrequency ﬁeld
on weakly scalar coupled ﬂuorine spectra, soon after the double-ir-
radiation experiment was ﬁrst discussed by Bloch [17]. A theoreti-
cal formalism was later established that included strongly coupled
spin systems [18]. Selective homonuclear decoupling can also be
introduced into the indirect dimension of two- and multidimen-
sional experiments [19–22]. For this purpose a selective pulse is
applied in the middle of the t1 time. Scalar coupling that evolves
during the ﬁrst period t1/2 is refocused in the second half of the
evolution time. Instead of a signal-selective pulse it is also possible
to use band-selective pulses, to suppress couplings from all spins
in a deﬁned frequency range. This has been employed for exampleto decouple all a-protons in 2D NMR spectra of peptides [21].
Alternatively, one can decouple signals within a certain frequency
range from all signals outside this region by using a combination of
a band-selective and a non-selective 180 pulse during t1 evolution
[23]. Here the signals that are within the excitation bandwidth of
the selective pulse experience an overall 360 rotation, while all
other spins are inverted and therefore decoupled. Band-selective
decoupling during the indirect dimension of 2D experiments has
been used both for proton and for 13C homonuclear decoupling.
To reduce decoupling sidebands the pulses used for decoupling
can be amplitude-modulated [21] to incorporate elements of com-
posite decoupling sequences, like MLEV [24], WALTZ [25,5] or
GARP [5,26].
Homonuclear decoupling applied in real time during the acqui-
sition of direct dimensions of FT NMR spectra is more difﬁcult.
Here, the perturbing radiofrequency ﬁeld needs to be coordinated
with the sampling of the NMR data [27]. The decoupling ﬁeld is
alternated with the receiver in a stroboscopic fashion. Selective
1H homodecoupling is used routinely to identify individual cou-
pling partners and/or for partial spectral simpliﬁcation. Instead of
decoupling a single signal it is possible to use multiply-selective
pulses, which can be obtained by co-adding several phase-shifted
selective pulses. Such polychromatic decoupling during acquisition
can be used to simplify a few selected signals in a spectrum while
retaining scalar coupling information for other peaks [28]. As an
extension of the concept of homodecoupling during acquisition
by switching the decoupler on between two acquired data points,
it is also possible to implement band-selective decoupling during
acquisition. In 1994 Hammarström and Otting described SESAM
(semiselective acquisition modulated) decoupling [29]. In this
band-selective decoupling experiment a band-selective G3 inver-
sion pulse [30] is cut into small fragments, which are applied in
a time-shared mode in which the receiver and decoupler are acti-
vated alternately. The band-selective pulse is, in other words,
applied like an amplitude-modulated DANTE [31] pulse cluster.
Band-selective decoupling during acquisition has been shown to
be a very useful method when measuring heteronuclear residual
dipolar couplings (RDCs) [32]. The partial orientation of the
biomolecular sample also leads to severe 1H line broadening due
to unresolved homonuclear proton RDCs. By band-selective
homonuclear decoupling of the aliphatic protons, these line-broad-
ening contributions to amide protons can be signiﬁcantly reduced.3. 13C–13C decoupling in isotopically enriched molecules
At natural abundance, 13C NMR spectra usually do not show any
homonuclear coupling, because of the low percentage of 13C.
However, in 13C-enriched molecules quite large one-bond
13C–13C scalar coupling constants of around 35–55 Hz are found.
Due to the relative uniformity of coupling constants and multiplici-
ties for different carbon nuclei, constant-time decoupling is com-
monly used in the indirect dimension of multidimensional
spectra [33]. Recently, directly 13C-detected experiments have
been shown to offer several advantages for biomolecular NMR
[34–40]. These experiments are especially useful when proton sig-
nals are heavily overlapped, as in intrinsically disordered proteins
[41], or too broad, if there is a paramagnetic center in the molecule
or chemical exchange is present. In perdeuterated proteins, 13C
detection is the only possibility to directly observe non-exchange-
able nuclei. Due to the large one-bond 13C–13C couplings, the
resulting 13C-detected experiments need to be decoupled in the
direct acquisition carbon dimension to make best use of the higher
resolution of carbon signals. Methods used for 13C–13C decoupling
of labeled biomolecules can be grouped into three different
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decoupling and spin-state-selective decoupling.
3.1. Maximum entropy deconvolution
An NMR spectrum can be considered to be a convolution of the
actual frequency spectrum (a pure shift spectrum with inﬁnitely
narrow lines) with a blurring function corresponding to the instru-
mental or physical line-broadening and a function describing sig-
nal splitting by scalar coupling. The maximum entropy method
(MEM) [42] can be used for deconvoluting a coupled spectrum if
some information about the coupled signals, for example the
actual coupling patterns and/or J values, is available. If no informa-
tion about coupling constants is available they can be varied in a
two-dimensional deconvolution. Maximum entropy deconvolution
is used occasionally for the decoupling of 13C-detected experi-
ments where only doublets with approximately known 13C–13C
coupling constants are expected.
Maximum entropy deconvolution [42] beneﬁts from the narrow
range of one-bond carbon–carbon coupling constants (e.g. JCa-C0
55 Hz) and therefore uniform multiplet patterns. In addition,
the ﬁnal refocusing step can be eliminated since anti-phase dou-
blets can also be used for maximum entropy deconvolution. This
method works particularly well for C0-detected experiments,
where the coupling to Ca is the only one that needs to be removed
[43–45]. However, the complicated, often overlapped, coupling
patterns with varying coupling constants present in 1H NMR spec-
tra cannot be analyzed successfully by MEM.
3.2. Band-selective 13C-decoupling
Band-selective 13C-decoupling during acquisition can be used
conveniently on proteins [46] and nucleic acids [47] since some
types of carbon signal are found preferentially in distinctive spectral
regions. For proteins, C0, Caromatic, Ca and methyl carbons can be
decoupled band-selectively. Even better signal separation is possi-
ble for RNA, where C5(U,C), C10, C40, C20–C30 and C50 can be distin-
guished [47]. Band-selective decoupling during acquisition can be
implemented in the Hammarström–Otting method [29] by using
band-selective adiabatic decoupling pulses interleaved with data
point acquisition. The resulting DANTE-like band-selective pulses
are usually embedded in a decoupling supercycle, such as p5m4
[48,49] to reduce decoupling artifacts. If several different spectral
regions need to be decoupled, double or triple band-selective pulses
can be used. This is necessary when 13C–13C TOCSY experimentsFig. 3. Two-dimensional 13C–13C COCAMQ spectra of superoxide dismutase at
16.4 T. The spectrum on the left was obtained without carbon decoupling and that
on the right using band-selective decoupling of the alpha carbons during
acquisition. Reproduced with permission from [34].need to be decoupled [46]. It should be noted that during the appli-
cation of the band-selective pulse no data points can be acquired,
which leads to a reduction of the signal-to-noise ratio in the
decoupled spectrum. As an example of a band-selectively decou-
pled, 13C-detected experiment, a 2D 13C–13C COCAMQ spectrum of
the paramagnetic protein superoxide dismutase is shown in Fig. 3.
In a regular spectrum (Fig. 3, left) doublets are found for all signals,
while decoupling of the Ca-protons during detection of the car-
bonyl carbons collapses all doublets to singlets (Fig. 3, right).
3.3. Spin-state selective 13C decoupling
The third, and probably most often used, approach to homonu-
clear decoupling in the acquisition dimension of 13C-detected
experiments is based on spin-state selective methods [50–53]. It
uses linear combination of in-phase and anti-phase signals, a
methodknownas IPAP (in-phase–anti-phase) [51,50], or direct exci-
tation of single-quantum coherences, as in S3E (spin-state-selective
excitation) [54,55]. Spin-state selective techniques for homonuclear
decoupling of 13C-detected experiments on biomolecules were
reviewed very recently in this journal [56] and will therefore not
be discussed further here. An experiment which is usually per-
formed on small molecules at natural abundance but which bears
similarities to the spin-state-selective decoupling techniques used
in 13C-labeled biomolecules is INADEQUATE-CR (Composite
Refocusing) [57]. In this experiment, which predates IPAP 13C-de-
coupling, double-quantum coherence is converted into two differ-
ent subspectra which contain only the left or right component of
the doublet. The merged datasets deliver the homodecoupled
INADEQUATE spectrum.
The techniques used for homonuclear decoupling of 13C-de-
tected spectra either rely on the presence of similar J values and
coupling patterns, or can only be used band-selectively and require
spectral separation of coupling partners. Band-selective decoupled
spectra are not strictly pure shift spectra, as not all resonances are
decoupled, and neither maximum entropy deconvolution nor spin-
state selective methods can be used for nuclei which show a wide
range of coupling constants and multiplet patterns, as is the case
for proton NMR, which suffers most from spectral crowding by sca-
lar coupling.4. Pure shift 1H NMR experiments
While selective and band-selective homonuclear decoupling of
proton spectra have been used for a long time, it is not possibleFig. 4. Two-dimensional J-resolved spectrum of a tricyclodecanone derivative at
400 MHz, together with a 45 projection of the absolute value mode representation.
Reproduced with permission from [64].
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methods, or to apply heteronuclear broadband decoupling
sequences to the homonuclear case. Many methods for obtaining
pure shift spectra cannot be used in real-time. They are most easily
implemented for x1-decoupling of two- or multidimensional spec-
tra, or can be used to obtain a decoupled spectrum by sophisticated
processing of special 2D spectra. In general, all techniques for
homonuclear broadband decoupling work well for weakly coupled
protons, but give rise to artefacts in the case of strong coupling. In
strongly coupled systems the chemical shift and scalar coupling
behavior cannot be completely separated by any method.
However, some of the available techniques are more robust toward
strong coupling than others. Some of the techniques to achieve
pure shift spectra can be employed for direct decoupling of the
acquisition domain either through the concatenation of individual
pieces of an FID (data chunking) or through interrupted acquisition
(real-time decoupling).4.1. Homonuclear broadband decoupling methods
A variety of different physical principles can be exploited to
achieve broadband homonuclear decoupling; their various imple-
mentations are described in chronological order of their ﬁrst report
below.4.1.1. 2D J-resolved experiments
In 1976 Ernst and co-workers reported the ﬁrst experimental
route to homonuclear broadband decoupled proton spectra [6].
At that time it was already known that, for weak coupling, spin-
echo amplitudes are not affected by chemical shift, but only scalar
coupling evolution [15,58,59]. In a 2D J-resolved experiment, with
the pulse sequence 90-t1/2-180-t1/2-FID, there is only scalar cou-
pling, but no net chemical shift evolution during the t1 period,
while both are active during detection [60]. The resulting 2D spec-
trum displays tilted multiplets, where the low frequency compo-
nent(s) of a multiplet in x2 appear at low frequency in x1. A 45
projection of the 2D spectrum yields a 1D 1H spectrum from which
scalar coupling has been removed. However, problems arise
because a 2D J-resolved spectrum exhibits a complicated lineshape
[61]. Signals are phase modulated as a function of t1, so after two-
dimensional Fourier transformation they yield a mixture of 2D
absorption and 2D dispersion modes known as a ‘‘phasetwist’’ line-
shape. 45 projection of such a lineshape leads to complete cance-
lation of the signal, so absolute value mode calculation of the
spectrum needs to be used before the 45 projection. This leads
to broad peaks with long tails in the resulting decoupled spectrum
(see Fig. 4). A number of approaches have been described to cir-
cumvent this problem. Almost all of these methods need additional
software tools for data manipulation and analysis.
Dispersive components of the FID can be suppressed by creating
a pseudo-echo [62]. This is based on the observation that the
antisymmetric components, which yield the dispersive part after
Fourier transformation, are eliminated from a time-domain func-
tion which decays in a symmetrical fashion on both sides of the
midpoint. Such a pseudo-echo can be created from the FID by ﬁrst
multiplying it with e(t/T2⁄) to remove the relaxation-induced decay,
then multiplying by a Gaussian envelope to yield the symmetrical
pseudo-echo. After 45 projection of the 2D J-resolved spectrum,
isolated peaks appear in absorption mode but distortions remain
where peaks overlap. However, the sensitivity of the resulting pure
shift spectrum is signiﬁcantly reduced since the ﬁrst points of the
FIDs are severely reduced in intensity. More importantly, the inten-
sities of signals in pseudo-echo processed spectra depend both on
linewidth and on multiplet structure, and therefore these spectra
cannot be used for a quantitative analysis.Since the form of the phase-twist line-shape is known, it is pos-
sible to ﬁt the individual peaks with a synthetic ‘‘phase-twist
mask’’ [63]. Once the frequencies and intensities of all phase-
twisted peaks have been determined, the dispersive components
are removed from the spectrum using this information with
assumed linewidths and lineshapes. The resulting pure absorptive
spectrum can then be used for 45 projection to obtain the pure
shift spectrum. In this way the phase of the actual 2D J-resolved
spectrum is ‘‘cleaned up’’ by post-processing prior to a regular pro-
jection. Unfortunately the method has not proved useful for prac-
tical applications.
Freeman et al. used modiﬁed 2D J-resolved pulse sequences in
which the dispersive components are removed, but the coupling
patterns change completely [64–68]. Such a spectrum can be
obtained by different approaches. The dispersive anti-phase com-
ponents can, for example, be purged by either a trim pulse or an
adiabatic pulse. After 2D FT the appearance of the signals becomes
more complicated since responses that were canceled in a regular
2D J-resolved spectrum are now present and so each doublet
shows now four (instead of two) peaks positioned at m ± J/2 in x2
and at ±J in x1. A projection of these peaks would deliver the same
multiplet pattern as observed in a regular proton spectrum.
However, the special cross-shape of these peaks makes them par-
ticularly suitable for pattern recognition algorithms. In a one-di-
mensional search along the x2 dimension, patterns with C4
symmetry are located. A synthetic spectrum is then constructed
using the chemical shifts obtained. In this artiﬁcial spectrum the
peak positions can be artiﬁcially broadened to render the appear-
ance similar to an experimental spectrum. Instead of using a purg-
ing pulse it is possible to obtain a similar spectrum with C4
symmetry by doing a hypercomplex Fourier-transformation on a
data set from which the second 90 phase-shifted scan in x1 has
been omitted [66]. This again yields a spectrum in which in x1 sig-
nals appear at ±J and can be screened by a pattern recognition algo-
rithm to construct the artiﬁcial pure shift spectrum.
In another alternative processing strategy of 2D J-resolved spec-
tra, an artiﬁcial pure shift spectrum is created from a time domain
data set without any Fourier transformation by the ﬁlter diagonal-
ization method (FDM) [69,70]. The two-dimensional time domain
signal is ﬁtted to a function describing the exponential decay in
both dimensions, using parameters for amplitude, phase, fre-
quency and width. Using the parameters obtained a chemical shift
only spectrum is calculated [71].
Yet another quite promising approach to obtaining pure shift
spectra through special data processing of 2D J-resolved data was
presented recently by Nuzillard et al. [72]. Symmetrical FIDs are
obtained by back-predicting the data for times t1max 6 t1 < 0 with
the ALPESTRE algorithm (‘‘A linear prediction estimation of signal
time reversal’’). The back-calculated data points are appended after
the experimental ones to obtain a symmetrical FID with lowest
intensity in the center. Data in the center of the FID need to be
enhanced, which can be achieved by apodization with a sine-bell
window function. This results in pure absorption 2D spectra, with
the additional beneﬁt that strong coupling peaks can be identiﬁed
by their negative sign. Due to the sine-bell window function the
sensitivity is reduced. A similar processing scheme with much
improved sensitivity has been described very recently by Sakhaii
and Bermel [73]. They use right-shifting of the FID, which consists
of n data points, by n points and back-predicting the n points in the
newly formed gap from time 0 < t1 < n with increasing intensity
between 0 and n. The resulting echo-shaped FID has its maximum
in the center and leads to a sensitivity improvement of 6 com-
pared to standard data processing with pseudo-echo ﬁltering.
Despite all the heroic efforts that have been put into obtaining
pure shift spectra from 2D J-resolved data, they all rely on compli-
cated post-acquisition data processing algorithms that are
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of pure shift spectra obtained from 2D J-resolved data has been
probably the most often used approach, especially for the analysis
of compound mixtures, such as for metabolomic screenings
[74–77]. Interestingly, for NMRmetabolomic studies usually a sim-
ple absolute value mode processing of a 2D J-resolved spectrum is
used. In addition to the gain in resolution the spin-echo sequence
also reduces the intensity of components with fast T2 relaxation,
for example proteins. In untreated plasma samples especially the
signiﬁcant reduction of the underlying protein background allows
for a more reliable analysis of small molecule metabolites. The
higher resolution of projections of 2D J-resolved spectra still out-
weighs the longer measurement times when compared to e.g.
the CPMG sequence. However, quantitative information from J-re-
solved spectra needs to be interpreted with caution since a T2
weighing of the intensities leads to variations in metabolite inten-
sities related to their transverse relaxation times. Homonuclear
broadband decoupling by a projection of a J-resolved experiment
has also been added to 2D experiments like HSQC [78] or DOSY
[79–81]. In these experiments, which essentially yield a 3D spec-
trum, the J-resolved dimension is simply used to obtain a pure shift
acquisition dimension. This is especially important in DOSY experi-
ments, where signal overlap causes great problems for data analy-
sis [82–87]. An additional J-resolved dimension has also been
implemented in a pseudo 3D pure shift HMBC experiment [88].
In order to keep relaxation losses at a minimum, the J-resolved
evolution time accommodates the delay for heteronuclear anti-
phase magnetization generation. The absolute value mode
J-resolved dimension is tilted and projected to afford the pure shift
proton spectrum in the direct dimension of the 2D HMBC. The pro-
ton line-width is then mainly determined by the number of incre-
ments used in the J-resolved dimension. Due to sensitivity issues
with other homonuclear broadband decoupling methods, no other
pure shift HMBC has been described so far in the literature.
4.1.2. Constant time evolution
The constant-time method for homonuclear broadband decou-
pling, ﬁrst described by Bax and co-workers in 1979 [89], is some-
what similar to J-resolved experiments. Its basic building block
again consists of a spin echo sequence but now the times before
and after the 180 pulse are varied between individual increments
of a 2D experiment (see Fig. 5) [90]. The 180 pulse refocuses
chemical shift evolution but has no effect on scalar coupling evolu-
tion. Within a 2D experiment t1 is increased, but the constant-time
delay Td is not changed. When t1 = 0, the 180 pulse is in the center
of Td and so no net chemical shift evolution takes place during Td.
By increasing t1 the 180 pulse is moved closer to the ﬁrst 90
pulse. For a spin I with chemical shift xI, which is scalar coupled
to a spin S with coupling constant JIS, the in-phase magnetization
present after Td is [89]





2  cosðxIt1Þ  cosðpJISTdÞ: ð1ÞFig. 5. Pulse sequence of a 2D constant-time COSY experiment. The constant time
delay Td stays unchanged between individual increments, only the position of the
180 pulse is shifted to increment t1. White and black rectangles represent 90 and
180 pulses respectively.Therefore, although there is scalar coupling evolution during Td it is
independent of t1 and does not modulate the observed signal ampli-
tude, in contrast to chemical shift evolution. Another nice side-
effect of constant-time evolution is that the detected signal also
does not show any modulation by T2 relaxation as a function of t1.
In other words the effect of T2 relaxation is only visible in the indi-
rectly detected dimension through a decrease in signal amplitude,
not an increase in linewidth. In the x1 dimension a pure shift spec-
trum with very sharp signals is obtained if enough increments are
acquired. However, signal decay as a result of magnetic ﬁeld inho-
mogeneities (T2) does increase the linewidth. On modern NMR
spectrometers the inhomogeneity broadening is not signiﬁcant
and rather sharp signals can be expected in the indirect dimension.
A much more serious problem is that the intensity of the remaining
magnetization is determined by the scalar coupling constant(s) and
Td. For protons, the J coupling constants, and therefore the intensi-
ties of the peaks in a constant-time experiment, can vary substan-
tially within a molecule. For some J values there will be no
in-phase magnetization left. Constant-time evolution can be built
into a 2D COSY experiment according to the pulse sequence of
Fig. 5. The anti-phase magnetization present immediately before
the last 90 pulse, which is 90 phase-shifted with respect to in-
phase magnetization and modulated by sin(pJISTd), then gives rise
to cross-peaks in the resulting 2D COSY spectrum, which does not
show any scalar coupling in the indirect dimension [90].
As an example, a constant-time COSY spectrum of camphor is
shown in Fig. 6, together with an x1 projection. Differences in sca-
lar coupling constant values and multiplicities lead to variations in
relative intensities of cross and diagonal peaks. While there is no T2
relaxation modulation of the signals in the indirect dimension,
transverse relaxation is of course active during Td. For rapidly
relaxing molecules this causes problems, as the signal intensities
in all increments of the 2D COSY are signiﬁcantly reduced. In con-
trast, in a regular COSY experiment, transverse relaxation losses
are minimal during the early increments and only build up for
longer evolution times. In addition to COSY experiments, con-
stant-time decoupling has also been used for relayed COSY and
SECSY spectra, and the advantage in resolution enhancement was
shown in very early protein NMR studies [91]. To avoid missing
peaks due to unfavorable coupling constants, several spectra with
different constant-time periods should be recorded. However, due
to the signal intensity variations for different scalar coupling con-
stants and the resulting unsuitability for quantitative evaluations
in these cases, constant-time proton spectra have not been used
extensively. On the other hand, 13C–13C one-bond scalar coupling
constants are much more uniform and constant-time evolution
has become a standard method for enhancing the resolution of
indirect carbon dimensions in multidimensional spectra of uni-
formly 13C-labeled biomolecules, especially triple-resonance 3D
experiments, which are used for the backbone assignment of
proteins [92,33,93]. Keeping relaxation losses during the con-
stant-time period to a minimum is particularly important for larger
biomolecules. The constant-time delay is therefore typically used
not only for carbon chemical shift evolution but also to refocus car-
bon–proton or carbon–nitrogen anti-phase magnetization, which
is present at the beginning of the constant-time period. In pulse
sequences where no net 13C–13C scalar coupling evolution is
desired during Td, the duration should be close to 1/1JCC. The num-
ber of increments in the constant-time dimension should be high
in order to take advantage of the increased theoretical resolution,
but is limited by the duration of the constant-time delay. The res-
olution improvement by constant-time evolution in the indirect
carbon dimension is particularly important for spectra which are
band-selective in the carbon dimension and/or display only a lim-
ited 13C spectral range [94].
Fig. 6. 2D constant-time COSY spectrum (magnitude mode) of camphor in CDCl3. Projections are shown for both axes. Scalar coupling is present in x2, but absent in x1.
Strong coupling in the range 1.3–1.4 ppm leads to artifacts in the constant-time dimension.
Fig. 7. Pulse sequence of the BIRD element, used to invert the magnetization of 12C-bound protons while leaving the magnetization of 13C-bound protons essentially
unaffected. The fates of the magnetizations of 13C- and 12C-bound protons are shown in the vector representation. White and black rectangles represent 90 and 180 pulses
respectively. The spin state of the bound 13C nucleus is indicated.
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In a molecule at natural isotopic abundance, most CH protons
are bound to 12C nuclei and only about 1.1% are bound to 13C.
The BIRD (bilinear rotational decoupling) pulse sequence element
[95] enables the selective inversion of 12C-bound protons while
keeping the magnetization of protons bound to 13C unchanged.
This is achieved by the pulse scheme shown in Fig. 7. The fates
of 12C and 13C bound protons and of 13C magnetization are outlined
in the vector representation in Fig. 7. Starting with 90 proton exci-
tation, the magnetization of 13C-bound protons starts to evolve
under the scalar one-bond coupling to carbon. After a delay s of
1/1JHC the magnetization of 13C-bound protons is 180 out of phase
compared to 12C-bound protons. Chemical shift evolution is refo-
cused by a 180 pulse in the middle of s. The ﬁnal 90 pulse rotates
the magnetization of 13C-bound protons onto the +z axis and 12C-
bound protons onto z. With a BIRD element in the middle of an
evolution period t1 it is possible to decouple a 13C-bound proton
from its neighbors [96], which in a molecule at natural abundanceare very unlikely to be bound to 13C. Since this decoupling scheme
only works for 13C-bound protons, its sensitivity is just 1.1% of a
regular spectrum. However, this kind of decoupling actually gives
complete inversion of the passive spins (those that do not con-
tribute to the measured signal, but couplings to which are respon-
sible for causing the multiplet structure) while leaving the active
spins (those that are bound to 13C and do contribute to the signal)
unperturbed, and so high quality spectra in pure absorption mode
can easily be obtained. The pure shift spectra obtained can be ana-
lyzed quantitatively. BIRD decoupling does not work for geminal
protons, since they are both bound to the same 13C nucleus.
Problems can also arise for compounds where larger differences
in 1JHC values are found [97,98]. One particular advantage of BIRD
decoupling is that where the normal spectrum is very strongly cou-
pled, the spectrum of the 13C isotopomer will normally be weakly
coupled because the one-bond coupling displaces the effective
chemical shifts of protons bound to 13C by ±1JCH/2. As a result, par-
ent proton spectra that show strong coupling often give BIRD pure
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ticularly favorable method for decoupling 1H–13C HSQC spectra,
where only 13C-bound protons are observed and so no additional
sensitivity penalty is added by the decoupling scheme. Sakhaii
et al. [99] have described a fully decoupled RESET-HSQC experi-
ment, where BIRD decoupling was implemented in a 3rd decou-
pling dimension, which was processed in such a way as to yield
a proton pure shift direct dimension. Because of the additional
dimension, the recording of such a 2D x2 pure shift HSQC of course
requires much longer measurement times than a regular 2D HSQC
experiment.
4.1.4. Time-reversal
The time-reversal experiment for broadband homonuclear
decoupling in the indirect dimension of two-dimensional spectra
was described by Sørensen et al. in 1985 [100]. In this method sev-
eral scans with pulses of different rotation angles b in the middle of
the t1 time are co-added to reverse the effects of scalar coupling
evolution. The effects of pulses of variable ﬂip angle can be conve-
niently described by products of polarization operators (instead of
Cartesian product operators) [101]. A single spin is described by
the four polarization operators (also called single spin operators)
I+, I, Ia and Ib. Decoupling of spin I from spin S during t1 requires
the inversion of the polarization of the coupling partner while leav-
ing the active spin unaffected, corresponding to the transformation
I+Sa? I+Sb. This transformation can of course not be achieved by a
single nonselective pulse, but by a combination of spectra obtained
with different ﬂip angles. The effect of a pulse of ﬂip angle b, which
acts on both I and S on the polarization operators I+ and Sa is given
by [101]
Iþ !bIx cos2 b2
 
Iþ þ sin2 b2
 
I  þ12 i  sinðbÞðIa  IbÞ
Sa!bSx cos2 b2
 
Sa þ sin2 b2
 
Sb þ 12 i  sinðbÞðSþ  SÞ:
ð2Þ
The effect on the product I+Sa is thus
IþSa !bIxþbSxcos2 b2
 
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i  sinðbÞðIa IbÞ 12 i  sinðbÞðSþ  SÞ: ð3Þ
The transformation wanted for decoupling, I+Sa? I+Sb, is modulated
by cos2(b/2) sin2(b/2), while the starting operator is modulated by
cos2(b/2) cos2(b/2). Other terms, which contain more than one rais-
ing (I+) or lowering (I) operator, are not visible in the spectrum,
while the terms ISa and ISb need to be suppressed by a suitable
three-step phase cycling (0, 2p/3, 4p/3) [100]. The different mod-
ulations of I+Sa and I+Sb as a function of ﬂip angle can then be used
to select for the latter term (I+Sb). For the general case of a nucleus
with N  1 coupling partners, the pulse angle b is cycled in incre-
ments of p/N according to bj = jp/N, where j = 0, 1, 2, . . . ,2 N  1.
The individual data sets are then co-added after weighting with
[100]
Wj ¼ N8  ð1Þ
jþN  cos bj
2
  2
: ð4ÞThus for our two-spin system from above, 4 scans need to be accu-
mulated with b equal to 0, p/2, p and 3p/2. After appropriate
weighting and addition, I+Sa is canceled out completely, while I+Sb
is present at a relative intensity of 0.25 compared to the originally
excited magnetization. It should be noted that the same effect of
a single pulse with ﬂip angle b and phase / can also be achieved
with a pair of 90 pulses with phases 90(b + /)–90(p + /); this
approach was that used in the original implementation of time-
reversal x1-decoupled NOESY [100]. Although the time-reversal
experiment was described about 30 years ago, it has been almost
neglected to date. This may in part be related to the somewhat
sophisticated setup required, where the number of different ﬂip
angle pulses needed depends on the maximum number of coupling
partners and the individual data sets need to be weighted differ-
ently before addition. Sensitivity is also reduced compared to a
regular spectrum, although as with other pure shift methods some
of this sensitivity reduction is offset by the collapse of multiplets
into singlets in the indirect dimension.4.1.5. Slice-selective (Zangger–Sterk) decoupling
Frequency-selective decoupling of individual signals has been
used in high-resolution NMR for many years. The concept of
slice-selective decoupling can be thought of extending this idea
into a spatially-separated selective decoupling of different signals
in different slices of the NMR sample tube [14]. This is achieved
by frequency selective excitation during the application of a weak
pulsed ﬁeld gradient. Spatially-selective excitation has been used
often for in vivo MRI applications [102], but has only slowly found
its way into solution NMR applications [103–109]. The weak gradi-
ent introduces a location-dependent shift of all signals by different
amounts in different horizontal slices of the sample tube, as indi-
cated in Fig. 8. In a detection volume of height L and a gradient
strength G the range Dm of frequency shifts across the detection
volume is given by Dm = cG/(2pL) [14]. For protons a gradient ﬁeld
difference of 1 gauss causes a shift of 4350 Hz. Thus, for a 10 ppm
proton spectral width at 400 MHz and a typical coil length of
1.5 cm a gradient ﬁeld of 1.5 gauss is sufﬁcient.
A frequency-selective pulse applied at the same time as the gra-
dient excites signals of different frequencies in different locations of
the sample tube, but all signals are excited at once [14,110,111]. In a
particular slice, refocusing of the J evolution of the excited signal
can then be achieved simply by applying another slice-selective
180 pulse in combination with a non-selective 180 pulse (see
Fig. 9). The signal, which is on resonance in this slice, experiences
two 180 rotations, with no net effect, while all other signals are
inverted. Scalar coupling evolution before the refocusing pulses is
refocused afterwards. This decoupling method can be easily imple-
mented in the indirect dimension of multidimensional experiments
[14]. For this purpose, the decoupling pulses need to be placed in
the middle of the evolution period. Due to each signal being excited
in a narrow region of the sample tube only, the sensitivity of slice-
selective decoupling experiments is signiﬁcantly reduced com-
pared to regular proton spectra, and depends on the selectivity of
the slice-selective excitation. For a pulse with an excitation band-
width of 200 Hz and a gradient of 2 G cm–1 the sensitivity is
reduced to 2.4% that of a regular spectrum. Part of the lost sensitiv-
ity is regained by decoupling, an effect that can be quite substantial
for high multiplicity coupling patterns. The excitation bandwidth
needed for the slice-selective pulse mainly depends on how close
scalar coupled protons are in the spectrum. If protons with very
similar chemical shifts need to be resolved, highly selective pulses
need to be used. The lower the excitation bandwidth, the less sen-
sitive the method becomes. Therefore, when sensitivity is the limit-
ing factor, slice-selective decoupling performs rather poorly in the
case of strong coupling.
Fig. 8. Principle of slice-selective excitation. Frequency-selective excitation is combined with a weak pulsed ﬁeld gradient, which is on the order of 1–2 G/cm. The gradient
leads to a location-dependent shift across the NMR sample tube. Therefore, each signal is excited in a different slice of the sample tube.
Fig. 9. Pulse sequence for slice-selective (Zangger–Sterk) broadband decoupling. In
the middle of t1 the selected signal in each slice, that of the active spins, experiences
a net zero rotation (the 180 slice-selective pulse plus a non-selective 180 pulse),
while all other spins (the passive spins) are rotated by 180. White and black
rectangles represent 90 and 180 pulses respectively.
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described for two-dimensional homonuclear TOCSY [112,13,14]
and NOESY [8] spectra. The enhanced resolution in one dimension
can be propagated to the other by covariance processing, as shown
by Morris et al. [13]. The resulting double-decoupled TOCSY spec-
trum yields highly resolved proton spectra in both dimensions.
Homonuclear 13C–13C decoupling by slice-selective x1-decoupling
has also been reported by Jeannerat et al. for uniformly 13C-labeled
compounds [113,114]. Slice-selective refocusing can also be used
to remove the dispersive components in J-resolved spectra [115].
In this Pell–Keeler experiment the projections yield decoupled
(pure shift) spectra with narrow line-widths, but with signiﬁcantly
reduced sensitivity compared to regular (absolute value mode) J-
resolved projections. The relative intensities of the signals are
retained.
Slice-selective excitation can be considered to be like a trans-
formation of a homonuclear into a heteronuclear system. In a par-
ticular slice, frequency-selective pulses can be used to treat the on-
resonance (active) spins differently from the off-resonance (pas-
sive) nuclei. This enables experiments which are not possible in a
non-selective form. Slice-selective excitation has also been used
for fast (relaxation-delay free) data acquisition [116,117], by shift-
ing the excitation frequency between scans; for diagonal-free
homonuclear-correlated 2D spectra [118]; and to monitor a chemi-
cal reaction in different regions of a sample tube [119].4.1.6. Projections of anti z-COSY spectra
The z-COSY and anti z-COSY experiments were introduced by
Oschkinat et al. [120] as a means of simplifying COSY spectra by
limiting coherence transfer mainly to connected transitions, which
share a common energy level. This is achieved in the z-COSY
experiment by replacing the last 90 pulse of the COSY experiment
with a b–tz–b element, where b is a small ﬂip angle pulse (20 or
less) and the delay tz is used to keep only population terms (i.e.
as a z-ﬁlter). In anti z-COSY the 90 mixing pulse is replaced by a
(180 + b)–tz–b sequence. The antidiagonal multiplet character of
the diagonal peaks of an anti z-COSY spectrum can be exploited
to construct a one-dimensional pure shift spectrum, as shown by
Keeler et al. [121]. For a description of these kinds of experiments
with small ﬂip angle pulses we will again use products of polariza-
tion operators as already done for the time reversal experiment.
The transformations of polarization operators under the effect of
a pulse are given by Eq. (2). In the case of small rotation angles
(620) they can be further reduced because for small angles
cos2(b/2)  1, sin2(b/2)  b2/4 and sinb  b [101]. With these
approximations, Eq. (2) become, for a two spin system consisting
of spins I and S,
Iþ !bIx Iþ þ 14b
2I þ 12 ibðIa  IbÞ
Sa!bSx Sa þ 14b
2Sb þ 12 ibðSþ  SÞ:
ð5Þ
At the end of the evolution time t1 the term I+Sa is transformed to
the following term, according to Eq. (3)
IþSa !bIxþbSx IþSa þ Iþ  14b2Sb þ Iþ 
1
2






2I  12 ibðSþ  SÞ þ
1
2
ibðIa  IbÞ  Sa
þ 1
2
ibðIa  IbÞ  14 b
2Sb þ 12 ibðIa  IbÞ 
1
2
ibðSþ  SÞ: ð6Þ
Since the z ﬁlter lets only polarization terms pass, all terms contain-
ing a raising or lowering operator are removed. What remains can
be rewritten as






b2ðIaSb  IbSbÞ: ð7Þ
Since we use small pulse angles b, only the ﬁrst two terms are sig-
niﬁcant and we are left with
IþSa !bIxþbSx 12 ibðIaSa  IbSaÞ ð8Þ
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pulse in the z-COSY experiment. In the anti z-COSY the ﬁrst pulse
has a ﬂip angle of 180 + b. The additional 180 rotation simply
exchanges a and b polarization. Eq. (8) changes for anti z-COSY to
IþSa !ð180þbÞIxþð180þbÞSx 12 ibðIbSb  IaSbÞ: ð9Þ
The ﬁnal pulse of ﬂip angle b must then make these terms observ-
able on spin I for the diagonal and on spin S for the cross peak. For
the pure shift spectrum only the diagonal peak is important, i.e. any
terms containing I. In analogy with the transformations in Eq. (6),
keeping only those terms that contain I and also neglecting those
which become very small because of the small angle b, we obtain
the following transformations by the ﬁnal pulse
1
2
ibIaSa !bIxþbSx 14 b2ISb 
1
2
ibIaSb !bIxþbSx 14b2ISb: ð10Þ
The two resulting terms are equal, and the overall rotation of the
whole (180 + b)–tz–b element yields
IþSa ! 12 b
2ISb: ð11Þ
After 2D Fourier transformation this results in a diagonal peak in
which the individual components of the doublet are perpendicular
to the diagonal, since the polarization of the coupling partner is
inverted between the t1 and t2 times. By a similar analysis it can
be shown that cross peaks also contain anti-phase components. A
45 projection of the diagonal peaks onto the diagonal produces a
pure shift spectrum. However, it is important to use only the diago-
nal peaks for this analysis, to keep unwanted anti-phase cross-peak
terms from producing artifacts in the pure shift spectrum. The
diagonal region is therefore extracted from the 2D anti z-COSY
spectrum, rotated by 45, and projected onto the x2 axis (see
Fig. 10). The resulting pure shift spectrum shows quantitatively reli-
able signal intensities. The sensitivity of the spectrum is of course
signiﬁcantly reduced by the small ﬂip angle rotations, which leave
only a small amount of magnetization for detection. Homonuclear
broadband decoupling by the anti z-COSY method bears some simi-
larities to the time-reversal experiment. In both methods the pop-
ulation inversion of the coupling partners is achieved by pulses
with non-90 ﬂip angles. While in the time-reversal experiment
net refocusing of scalar coupling evolution is carried out by a suit-
able combination of spectra obtained with different ﬂip angles, anti
z-COSY uses small angle pulses which yield signiﬁcant magnetiza-
tion only for terms in which the polarization of the coupling partner
is inverted. The anti z-COSY experiment has also been combined
with a 2D DOSY pulse sequence for decoupling the acquisitionFig. 10. A simulated 2D anti z-COSY spectrum of a three spin system is shown in (a) and
by a dashed line. Quantitative 1D spectra can be obtained by this pure shift method. Addimension in a pseudo 3D experiment, and as a readout experiment
for one-dimensional T1 relaxation measurements [121].4.1.7. PSYCHE decoupling
The most recent and very promising technique for homonuclear
broadband decoupling has been reported by Morris et al. [11]. It is
related to the anti z-COSY experiment, and uses two small ﬂip
angle pulses to selectively invert the passive spins while leaving
the active ones undisturbed. In anti z-COSY the diagonal peaks
contain only terms where the polarization of the passive spin is
inverted. However, this is not the case for the cross-peaks.
Therefore, a decoupled spectrum can only be obtained from an anti
z-COSY spectrum by cutting out the diagonal region. It is not pos-
sible to simply include a (180 + b)–tz–b sequence element in the
middle of the t1 evolution time in order to decouple the indirect
dimension of a 2D experiment, since the magnetization from the
‘‘cross-peak terms’’ would also be present. Morris et al. found an
ingenious method to cancel these terms, using small ﬂip angle
pulses to refocus scalar coupling evolution while leaving chemical
shift evolution unchanged. The pulse sequence for this PSYCHE
(pure shift yielded by chirp excitation) experiment is shown in
Fig. 11. Instead of using two hard small ﬂip angle pulses it uses
two symmetric, low power, frequency-swept chirp pulses [122],
which are applied during a weak pulsed ﬁeld gradient. This ele-
ment suppresses the ‘‘cross-peak terms’’ because they experience
different chemical shifts before the ﬁrst and after the second small
angle pulse. Different chemical shifts also mean that they are
excited at different times during the chirp pulses. The gradient
pulse areas experienced before the ﬁrst excitation and after the
second are therefore different, which leads to the suppression of
these terms. In contrast the ‘‘diagonal terms’’ are excited at sym-
metrical times by the chirp pulses and are not canceled.
The simultaneous application of the chirp pulses and a weak
gradient also introduces a spatially-selective component to this
experiment. If the gradient amplitude is changed during the chirp
pulses, it also excites signals in different regions of the sample tube
differently. In anti z-COSY it is also important that the effects of
zero-quantum coherence (ZQC) between the two small ﬂip angle
pulses be suppressed. The use of frequency-swept pulses with gra-
dient applied at the same time can also suppress ZQC responses by
superposing different extents of ZQC evolution from different sam-
ple regions, as described previously for a similar scheme by Keeler
et al. [123]. PSYCHE decoupling allows the extraction of quantita-
tive information and is more tolerant toward strong coupling than
most other pure shift methods. The sensitivity is also reduced com-
pared to regular 1D spectra, but still far above most other pure shift
methods, like slice-selective or BIRD decoupling. The sensitivitythe extracted, 45 tilted, diagonal and its projection in (b). The diagonal is indicated
apted from [121] with permission.
Fig. 11. Pulse sequence element of the PSYCHE method. In the middle of t1 two
swept-frequency, low power chirp pulses are applied in a symmetric fashion in the
presence of a weak gradient. The two small ﬂip angle chirp pulses act like the two
small angle pulses in an anti z-COSY experiment. ‘‘Diagonal peak’’ signals, which
experience the same chemical shift m1 during the two pulses yield observable
magnetization. On the other hand, ‘‘cross peak’’ signals experience a different
gradient during the ﬁrst chirp pulse at m1 and the second at m2, and are eliminated.
White and black rectangles represent 90 and 180 pulses respectively. The chirp
pulses are indicated by rectangles with round edges. Their frequency sweep in
opposite directions is indicted by mirror-symmetry arrows.
Fig. 12. The high-ﬁeld region of a two-dimensional TOCSY spectrum of estradiol in
DMSO-d6 is shown in (a) and an x1 PSYCHE-decoupled version in (b). By indirect
covariance processing a doubly pure shift ultra-high resolution TOCSY is obtained
(c). Reproduced with permission from [12].
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more sensitive the spectra. However, larger pulse angles also intro-
duce more intense artifacts. In the description of anti z-COSY (see
Section 4.1.6), all terms containing sin4bmodulation were omitted
because they are relatively small. If b is increased, these terms
become signiﬁcant and lead to decoupling artifacts. An example
of PSYCHE decoupling in the indirect dimension of a 2D spectrum
can be seen in Fig. 12. It shows an x1-decoupled TOCSY spectrum
[12]. The signiﬁcant increase in resolution of the indirect dimen-
sion can be transferred to the acquisition dimension by indirect
covariance processing [124]. The resulting ultrahigh-resolution
TOCSY spectrum shows its enormous potential in resolving spec-
tral overlap, which should prove very useful for highly complex
spectra, as encountered for example in natural products or com-
pound mixtures.
4.2. Data chunking techniques
Some of the methods described for homonuclear broadband
decoupling in Section 4.1 can be used to decouple the indirect
dimension of a 2D spectrum. It is possible to use x1-projection
to obtain a 1D pure shift spectrum, or if one wants to decouple
the x2 dimension, a 3D experiment could be setup where the pro-
jection of the decoupled indirect dimension is used to construct the
decoupled acquisition dimension. This is of course a rather time-
consuming approach. In order to obtain high resolution decoupled
spectra a huge number of increments would be needed in the
decoupling dimension. Implementing any of the pure shift tech-
niques in time-shared mode, interleaved during the dwell time,
Fig. 13. The principle of data chunking is shown using slice-selective decoupling as
an example. Decoupling of the acquisition dimension is obtained by recording
several individual pieces of an FID in separate increments. Scalar coupling is
refocused during t1 and maximum refocusing is achieved in the middle of the
chunk, allowing double length FID blocks to be acquired for all but the ﬁrst block.
White and black rectangles represent 90 and 180 pulses respectively.
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[27,29], is not possible since the application of any broadband
homodecoupling scheme takes much longer than the dwell time
and cannot be broken down into smaller units as a simple shaped
pulse can. For effective real-time removal of scalar coupling the
repetition rate of the decoupling sequence needs to be fast com-
pared to the scalar coupling evolution. However, one has to take
into consideration that evolution due to two- and three bond
1H–1H coupling constants is rather slow. For example, a doublet
of 10 Hz takes 50 ms (1/2 J) to evolve into fully anti-phase mag-
netization. Therefore, in the ﬁrst 10 ms of an FID the effect of such
a scalar coupling evolution on the net signal measured is negligi-
ble. The attenuation of signal intensity due to scalar coupling here
is (1  cos(pJt)), which amounts to less than 5% after 10 ms for a
10 Hz coupling [14].
Of course, the resolution of a10 ms FID is very poor. A pure shift
spectrum with good resolution can however be obtained if a series
of measurements of short chunks of FID, in each of which the
effects of scalar coupling evolution have been refocused, is made
and the results concatenated into a synthetic FID. It is important
that the effect of chemical shift evolution is continuous between
chunks, while scalar coupling is refocused between chunks. This
can be achieved by employing a pseudo-2D type of data acquisi-
tion, as outlined for slice-selective decoupling in Fig. 13 [14]. Theﬁrst 10 ms of the FID can be obtained right after excitation, in
the ﬁrst increment of this pseudo-2D experiment. For subsequent
data chunks it is important that chemical shift evolution before
the start of the acquisition is active for the same duration as in
the accumulated previous data chunks up to that point. In other
words the start of the data acquisition has to be exactly at the
end of the previous chunk. The decoupled FID is obtained by con-
catenating the individual data chunks after acquisition of the
whole pseudo 2D data set. The duration of the ﬁrst data chunk is
half as long as all the others. This is because coupling starts to
evolve at the beginning of the ﬁrst chunk, but it is refocused in
the middle of all subsequent ones, as indicated in Fig. 13.
Evolution of anti-phase magnetization during the individual data
chunks needs to be kept to a minimum; it leads to decoupling side-
bands at multiples of 1/tchunk Hz from the decoupled signal. A value
between 10 and 20 ms for tchunk is sufﬁciently short for most pur-
poses. If large coupling constants are encountered in multiply split
signals, shorter chunking times might be used to reduce decou-
pling artifacts. When scalar coupling evolution during the FID
chunks is insigniﬁcant, the linewidths in the resulting decoupled
spectrum are comparable to those of the individual lines in a regu-
lar 1D spectrum of the same compound. (Indeed where ﬁeld
inhomogeneity is a problem, linewidths in the pure shift spectrum
can be less than those in the conventional spectrum since the mea-
sured signals arise from small sub-volumes of the sample.)
Data chunking was ﬁrst described for slice-selective excitation
to obtain a one-dimensional pure shift spectrum [14,9], but has
also been implemented in BIRD [10] and PSYCHE decoupled
experiments [11]. These three techniques refocus scalar coupling
evolution while leaving chemical shift evolution unperturbed,
which is the basis of obtaining decoupled spectra through data
chunking. In contrast, the other techniques described in
Section 3.1 for homonuclear broadband decoupling either produce
decoupled spectra by special data processing (e.g. projection of anti
z-COSY or J-resolved spectra), or can only be used in the indirect
dimension of 2D spectra (like the constant time experiment). The
latter techniques do not refocus scalar coupling evolution, but
rather separate the effects of scalar coupling and chemical shift
evolution by manipulating the chemical shift evolution differently
to the scalar coupling evolution.
Compared to regular 1D experiments, pure shift spectra
recorded with data chunking are characterized by signiﬁcantly
longer experiment times, because of the need to build up the
decoupled FID from separately acquired data chunks. However,
they are one or two orders of magnitude faster than using x1-pro-
jection of a fully x1-decoupled 2D spectrum. The sensitivity penal-
ties described for the individual pure shift techniques of course
also apply to data chunking. However in the special case of
heteronuclear correlation experiments at natural abundance, the
normal sensitivity penalty for decoupling by BIRD does not apply
because such experiments speciﬁcally select 13C-isotopomers.
Decoupling by BIRD data chunking has therefore been used for
example to obtain one-bond heteronuclear coupling constants
through CLIP/CLAP-HSQC [125–127] and perfect echo HSQC
experiments [128]. The presence of proton multiplets can lead to
phase distortions in regular HSQC spectra [129] and highly over-
lapped peaks often prohibit the extraction of for example residual
dipolar couplings between carbon and proton [130–132], so pure
shift HSQC experiments are valuable.
In most cases the PSYCHE experiment offers the highest
sensitivity among data chunking methods. It has the further
advantages of being relatively tolerant of strong coupling, and
(unlike BIRD) decoupling geminal interactions. An example of a
PSYCHE spectrum of estradiol is shown in Fig. 14, compared to
slice-selectively decoupled spectra with different excitation band-
widths [11].
Fig. 14. The high-ﬁeld region of a regular 1H spectrum of estradiol in DMSO-d6 is
shown in (a), and pure shift versions obtained by data chunking using the PSYCHE
method in (b), and slice-selective decoupling with a 12 ms rsnob pulse in (c) and a
100 ms rsnob pulse in (d). All the pure shift spectra show signiﬁcantly reduced
sensitivity, but the PSYCHE method delivers highest sensitivity, while being
tolerant to strong coupling. Reproduced with permission from [11].
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sensitivity of slice-selectively decoupled spectra. It is possible to
shift the frequency of excitation between individual scans and
thereby remove the need for a relaxation delay between individual
scans [116], because magnetization excited during the ﬁrst scan
can start to relax while different signals are excited in subsequent
scans. It is also possible to employ the ASAP (acceleration by shar-
ing adjacent polarization) principle [133,134] to enhance the
sensitivity of slice-selective excitation [135].
Several experiments employing slice-selective data chunking to
decouple the acquisition dimension of 2D spectra, like TOCSY [8],
NOESY [136] and ROESY [137] have been reported. One unconven-
tional 2D method, which beneﬁts quite substantially from decou-
pling of the acquisition dimension, is the DOSY (diffusion ordered
spectroscopy) experiment. Overlap between peaks makes the
inversion of signal attenuation as a function of pulse gradient
amplitude, which is used to obtain the diffusion dimension, much
more error-prone. For the same reason the analysis of relaxation
measurements also beneﬁts substantially from pure shift type
experiments.
4.3. Real-time pure shift spectra
In data chunking experiments, the ﬁrst parts of the recorded FIDs
are cut out and concatenated to make a synthetic fully-decoupled
FID. In the case of BIRD and slice-selective decoupling it is possible
instead to repeatedly interrupt data acquisition, refocus scalar cou-
pling evolution, and continue with data acquisition in a single FID.
Thus the FID is recorded in real time, with brief interruptions
between data chunks to refocus scalar coupling. Real-time decou-
pling does not work for PSYCHE, which refocuses only a statistical
subset of the excitedmagnetizationandwould therefore lead to sub-
stantial magnetization losses between individual chunks. On the
otherhand, inBIRDand slice-selectivedecouplingall themagnetiza-
tion recorded during the ﬁrst data chunk is still available, after the
refocusing of scalar coupling, for the next data chunk. It is of course
important that there be no net chemical shift evolution during the
interruption. As an example, the pulse sequence for slice-selective
real-time decoupling [138–140] is shown in Fig. 15. Preventing
chemical shift evolution during the decoupling block is rather
straightforward. In slice-selective decoupling there is no chemical
shift evolution during the selective refocusing pulse, because it acts
only on the signal excited in each slice and so during the weak gra-
dient ﬁeld all these signals are on-resonance.Real-time decoupling leads to a large reduction in experiment
time compared to data chunking. Instead of recording multiple
data chunks in individual increments of a pseudo 2D spectrum,
the whole FID is now recorded at once. If, for example, an FID with
a total acquisition time of 1 s is desired and tchunk is 20 ms, then 50
increments need to be recorded in a pseudo 2D decoupling experi-
ment, requiring 50 times longer than a real-time decoupled experi-
ment with the same number of scans. In addition, the decoupled
FID is obtained just as in any other regular NMR experiment, with
no need for concatenating individual FID chunks or any other spe-
cial data processing after acquisition. An example of a real-time
slice-selectively decoupled 1D 1H spectrum of strychnine and a
degradation product is shown in Fig. 16, together with a regular
proton spectrum. Problems arise here for strongly coupled nuclei
(in the range 4.1–4.2 ppm); such signals are either missing from
the pure shift spectrum or show up as broad, ill-deﬁned peaks.
Despite the signiﬁcant time saving with real-time pure shift meth-
ods, the price paid in basic sensitivity is the same as in decoupling
by the corresponding pseudo-2D data chunking method. For slice-
selective decoupling the frequency-shifting or ASAP techniques
previously mentioned could be used to enhance sensitivity, and
Parella et al. have recently described the use of multiple selective
excitation for spatially-encoded experiments [141]. In the latter
method, the individual excitation frequencies to be used need to
be calculated from the known peak positions and any simultane-
ous excitation of mutually coupled signals needs to be avoided. It
should be noted that single-scan real-time decoupled spectra typi-
cally show signiﬁcant chunking artifacts, due in part to relaxation
taking place between individual chunks. The time savings of real-
time decoupling might prove useful when fast reactions are moni-
tored by pure shift spectra, especially in cases where there is no
time for the acquisition of series of 2D spectra but high resolution
is required to separate the signals of individual reaction products
and sensitivity is not limiting. Real-time decoupling can easily be
implemented in the acquisition dimension of two- and multidi-
mensional experiments. For-slice-selective decoupling, typically
the last 90 pulse prior to the start of the acquisition is replaced
by a slice-selective 90 pulse. Real-time x2 slice-selective decou-
pling has been employed for example for 2D TOCSY, HSQC [139]
and DOSY [142] experiments. The overall experiment time for
real-time decoupled 2D spectra is of course shorter compared to
pseudo 2D decoupled versions. However, due to the signiﬁcantly
reduced sensitivity of the decoupled signals, there is F1 broadening
in x2-decoupled DOSY spectra compared to regular DOSY [142].
For heavily overlapped signals, where it is sometimes not possible
to obtain a meaningful diffusion coefﬁcient from regular DOSY
spectra, decoupling may be the only way to get diffusion coefﬁ-
cient, albeit with reduced accuracy.
In the case of BIRD decoupling any regular 2D pulse sequence
can be modiﬁed to include real-time decoupling, provided that
spin system ﬁltration is used to restrict the signals observed to
those from protons of interest bound to 13C. One very elegant
application of real-time BIRD decoupling is its use in 2D 1H–13C
HSQC spectra of compounds at natural isotopic abundance. As
noted above, the usual sensitivity disadvantage of BIRD decoupling
does not apply, since the only protons recorded are those bound to
13C anyway. So, the sensitivity disadvantage of BIRD decoupling is
already included in the HSQC experiment. Here the decoupling
actually leads to an increase in sensitivity compared to a regular
HSQC, because the multiplets collapse to singlets. Thus, BIRD
decoupled 1H–13C HSQC is a rare example of an experiment in
which both the resolution and sensitivity are enhanced compared
to a regular non-decoupled experiment. Very high resolution in
both the proton and also carbon spectra is needed for enan-
tiodifferentiation [143]. Chemical shift changes induced by chiral
solvating agents, like Pirkle alcohol or cyclodextrins, are usually
Fig. 15. The principle of real-time decoupling by interrupted acquisition is shown using slice-selective decoupling as an example. Acquisition of a single FID is interrupted
every 20 ms to refocus scalar coupling. Exact timing is necessary in order to prevent evolution of chemical shifts during the interruption. White rectangles represent 90
pulses.
Fig. 16. Aliphatic region of a regular spectrum of a mixture of strychnine and a degradation product in CDCl3 (a), and a real-time slice-selectively decoupled 1H pure shift
spectrum (b).
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et al. described a real-time BIRD decoupled HSQC experiment in
which the resolution in the indirect dimension was enhanced by
spectral aliasing, i.e. using a small 13C spectral range and using fre-
quency aliasing in the indirect dimension [144].
For both slice-selective and BIRD real-time decoupling experi-
ments, relaxation during the decoupling (J-refocusing) block leads
to steps in the amplitude of the resulting FID. Therefore, the trans-
verse relaxation behavior of the molecule under investigation puts
a limit on the time available for decoupling. For more rapidly relax-
ing, larger, molecules, real-time decoupling leads to more severe
relaxation decay between individual chunks of the FID andtherefore broader signals in the resulting spectrum. In real-time
BIRD decoupled spectra the duration of the decoupling block is
given by 1/1JHC and cannot be changed. For slice-selective decou-
pling the duration is determined by the selectivity of the slice-
selective 180 decoupling pulse, and so can be adjusted for
compatibility with the relaxation of the system being investigated.
However, where coupled signals are close in chemical shift the
selectivity of the pulse needs to be increased and this is only prac-
tical for slowly-relaxing molecules. Therefore, in cases where
relaxation is limiting, pseudo-2D decoupling methods give better
resolution than real-time decoupling. In general, the faster the
transverse relaxation the broader the signals are. For larger
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and does not contribute signiﬁcantly to the observed signal line-
widths. In these cases homonuclear decoupling of proton spectra
is of limited use anyway. However, homonuclear 1H–1H decoupling
is particularly useful for a class of proteins, or protein regions,
which do not fold into a well-deﬁned structure. These intrinsically
disordered proteins (IDPs) are characterized by fast molecular
tumbling, leading to slow transverse relaxation and sharp NMR
signals [145,41]. In addition, due to the lack of structure, they show
resonance frequencies close to random coil values, which results in
heavy signal overlap. The resolution problem of IDPs has been
addressed by e.g. the use of higher dimensionality (>3) NMR spec-
tra or 13C-detected experiments.
Any enhancement of the proton dimension would be highly
desirable for IDPs, and their slow relaxation opens the door for
pure shift experiments on these proteins. For the acquisition
dimension of multidimensional proton-detected spectra of IDPs
only slice-selective decoupling can be used in real time, since these
proteins have to be uniformly labeled with C-13 for sensitivity rea-
sons and BIRD decoupling only works with sparse heteronuclei.
Indirect heteronuclear dimensions can be efﬁciently decoupled
by constant-time evolution. Recently, we have reported several
two- and three-dimensional 1H–13C correlated experiments for
the assignment of sidechain resonances of intrinsically-disordered
proteins [146]. As an example the valine methyl region of an x1
constant-time 1H–13C HSQC is compared to an x2-slice-selectively
decoupled version of the same experiment, recorded on the disor-
dered protein a-synuclein (see Fig. 17). In the double-decoupled
spectrum most of the 19 valine residues are separated. The
increased resolution of double pure shift HSQC has also been used
for monitoring minor chemical shift changes upon the addition of
another, weakly binding protein SERF/MOAG [147]. Due to heavy
signal overlap these rather small changes could only be partially
observed without decoupling. In order to take advantage of the
high resolution of double-decoupled HSQC spectra the newly
resolved signals also need to be assigned using high resolution
3D spectra. For this purpose multiply-decoupled H(CCCO)NH and
(H)C(CCO)NH experiments were employed, in which proton
dimension were decoupled slice-selectively and carbon and nitro-
gen dimensions by constant-time decoupling. To make full use of
the increased resolution of multidimensional NMR spectraFig. 17. Two-dimensional constant-time 1H–13C HSQC spectrum of a-synuclein in D2O
width was kept at 30 ppm, leading to aliasing of the signals beyond this frequency. An exp
can be resolved by a doubly decoupled version of the same experiment with real-time slidecoupled in several dimensions, the number of increments needs
to be rather high. In order to keep the experiment time in a reason-
able range, the use of fast NMR methods, like non-uniform sam-
pling [148,149], GFT [150], projection reconstruction [151] or
APSY [152] is necessary. As mentioned above, slice-selective
decoupling comes at the price of signiﬁcant sensitivity reductions.
Especially for NMR studies on proteins, sensitivity is often a limit-
ing aspect. To keep sensitivity losses at a minimum, it is important
to use less selective decoupling pulses and very weak magnetic
ﬁeld gradients. For IDPs we typically used pulses with an excitation
bandwidth on the order of 1–2 ppm and slice-selective gradients
covering a spectral width of 4 ppm or less. Therefore, it was not
possible to decouple signals with similar chemical shifts, as for
example in the case of the sidechain protons of amino acids with
long chains, like lysine.
In ideal pure shift spectra all scalar coupling is removed to
improve the resolution of overlapped spectra. However, often it
might be advantageous to use a fully decoupled spectrum and
selectively reintroduce scalar coupling to simplify the extraction
of accurate coupling constants from certain spectral regions. Very
recently two papers reporting basically the same technique to
achieve this task were published almost in parallel. They are based
on the original idea of the 2D SERF (selective refocusing) experi-
ment, which was published in 1995 by Fäcke and Berger [153].
2D SERF is a doubly-selective J-resolved experiment in which only
one signal A is excited, and during t1 only scalar coupling to one
other selected nucleus B is allowed to evolve [154]. The resulting
2D J-resolved spectrum contains a multiplet of nucleus A with sca-
lar coupling present only to B. Provided that a sufﬁcient number of
increments in the indirect domain is acquired, this approach yields
high resolution scalar coupling information. This method is useful
if only a very few couplings need to be analyzed but becomes very
laborious when several J values need to be determined, because a
full 2D spectrum is needed for each. Using slice-selective excitation
Giraud, Merlet et al. [155–158] extended the SERF principle to deli-
ver all coupling patterns of a selected nucleus at once in the G-SERF
spectrum. For this experiment, different signals are excited in dif-
ferent slices of the sample tube. One signal is chosen as passive,
and in a J-resolved dimension all the couplings to this selected sig-
nal are displayed. The slice-selective excitation again leads to a sig-
niﬁcant sensitivity loss, but now all couplings of one selected(in blue). To further increase the resolution in the indirect dimension the spectral
ansion of the valine methyl region is shown on the right. The overlap of most signals
ce-selective decoupling during acquisition. Reproduced with permission from [146].
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experiment can be extended to a second spatial dimension, by spa-
tially-selective excitation also in the x or y direction, to enable all
coupling constants within a molecule to be obtained at once in a
voxel-selective approach [159]. However, doubly spatially-selec-
tive excitation reduces sensitivity even further. Using a combina-
tion of real-time slice-selective decoupling with the G-SERF
experiment, a real-time one-dimensional experiment has been
reported by Suryaprakash et al. [160] and us [161] independently,
which decouples all signals but reintroduces the scalar coupling to
one selected signal. This 1D real-time SERF or QUICK-SERF experi-
ment enables the determination of all coupling constants of one
selected signal, potentially in a single scan, with the high res-
olution of an otherwise fully decoupled proton spectrum. In con-
trast to previous SERF experiments the couplings are extracted
from the acquisition, rather than an indirect, dimension.
Recently, a band-selective decoupling scheme that uses real-
time data chunking was ﬁrst reported by Morris et al. for diastere-
omeric ratio determination [162] and described in more detail by
Bax et al. [136] as well as Parella et al. [163], under the acronyms
BASH (band-selective homonuclear) and HOBS (homonuclear
band-selective) decoupling, respectively. In this experiment,
band-selective decoupling during acquisition is implemented by
the combination of a band-selective and a non-selective 180 pulse
during interrupted acquisition. Therefore, it is similar to band-selec-
tive decoupling during acquisition by the SESAM method, but
instead of cutting the band-selective pulse into very short segments,
which are applied between individual acquired data points, whole
10–20 ms FID chunks are recorded. Compared to SESAMdecoupling,
this approach is technically easier to implement, especially when a
large solvent signal needs to be suppressed, and it does not intro-
duce Bloch–Siegert shifts. As with previous band-selectiveTable 1
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by T2decoupling schemes, the BASH/HOBS approach works very well
for peptides and proteins, where e.g. the amide proton or alpha
region can be efﬁciently decoupled, and it has been used for 2D
band-selectively decoupled NOESY, TOCSY and 1H–15N-HSQC spec-
tra. In contrast to real-time pure shift spectra, band-selective real-
time decoupling does not suffer from sensitivity loss; instead it
increases the signal-to-noise ratio compared to a regular spectrum,
due to the collapse of coupled multiplets into singlets. Band-selec-
tive real-time decoupling has also been employed for highly sensi-
tive diastereomeric ratio determination [164], a band-selective
HSQMBCexperiment [165], and themeasurement of T1 and T2 relax-
ation times with band-selective decoupling [166]. For band-selec-
tively decoupled T2 measurements the recently developed
PROJECT experimentwas employed [7,167],which features reduced
homonuclear J-modulation of a spin-echo experiment.
Very recently, real-time data chunking was also described as an
approach for band-selective homonuclear decoupling in 13C-de-
tected experiments. Struppe et al. used 200 ls long decoupling
pulses between data chunks of 8 ms for their LOW-BASHD (long
observation window band-selective decoupling) solid-state NMR
experiments. This technique was adapted for 13C-detected solution
NMR experiments by Bax et al. [168]. In order to avoid Bloch–
Siegert shifts [169], they used doubly-modulated band-selective
pulses which produce equidistant decoupling ﬁelds on either side
of the signals observed.5. Conclusions and outlook
Although proton-detected spectra show by far the worst res-
olution of any spin ½ nucleus they still constitute the most fre-
quently recorded type of NMR experiment. Pure shift spectraSlice-selective Anti z-COSY Pell–Keeler PSYCHE
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multiplets to singlets. Several techniques for obtaining fully-de-
coupled proton spectra have been reported and their individual
advantages and disadvantages are summarized in Table 1.
Innovations in the last couple of years have resulted in pure shift
experiments that can be processed just like regular NMR spectra,
and even be acquired in a single scan. On the other hand, new
approaches have been presented that can signiﬁcantly enhance
the sensitivity of broadband homonuclear decoupled spectra.
Real-time BIRD-decoupled HSQC, as an example, offers not only
the resolution enhancement of an x2 pure shift spectrum but it
also enhances sensitivity compared to a regular HSQC experiment.
PSYCHE spectra offer ultra-high resolution, handle strong coupling
very well, and show sensitivity that is better than most other tech-
niques that are based on data chunking. In cases where pure shift
spectra need to be acquired in a very short time, maybe a single
scan, as in the monitoring of fast reactions, real-time slice-selective
decoupling might be the method of choice. In pure shift spectra
any scalar coupling information is lost. However, in some cases it
can be advantageous to reintroduce partial scalar coupling to
enable the accurate determination of J values. The SERF experiment
is one option for this purpose. Another would be uniform down-
scaling of coupling constants, similar to the effect of off-resonance
heteronuclear decoupling. Scaling of homonuclear coupling con-
stants was described many years ago [170–173] for the (typically
low resolution) indirect dimension of two-dimensional spectra or
for different projections of J-resolved spectra [61]. With recent
developments in pure shift NMR, J-scaling of high-resolution pro-
ton spectra should also be feasible, for example by using only par-
tial refocusing in slice-selectively decoupled spectra. Pure shift
methods have so far been used almost exclusively for protons,
which suffer the most from spectral crowding by scalar coupling,
with some applications also in 13C decoupling. The principles could
be of course used on any nucleus which shows homonuclear cou-
pling. The improved sensitivity and ease of setup of second-genera-
tion pure shift methods should ensure their usefulness for routine
NMR users. It should however be noted, that the sensitivity of any
quantitative pure shift method is still deﬁnitely below that of regu-
lar 1H NMR spectra. The recently reported combination of dynamic
nuclear polarization with real-time BIRD decoupling – the Hyper-
BIRD [174] experiment – might be just the beginning of an exciting
new development in pure shift NMR.Acknowledgements
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